Using confocal microscopy we have examined in detail the temporal and spatial pattern of green fluorescent protein expression following sub-retinal injection of recombinant adeno-associated virus (rAAV) in the mouse and have determined the effect of viral titre on the number and type of cells transduced. Our results suggest that some transgene expression occurs as early as three days after injection, and that transgene expression occurs beyond the area of retinal detachment. Vector titre appears to have a substantial effect on both transduction efficiency and the speed of onset of photoreceptor cell transduction. Our data suggests that we have not yet reached the limits of photoreceptor transduction efficiency using AAV vectors. An increase in titre could still lead to an improved transduction efficiency and faster onset of photoreceptor transduction. We failed to detect transfected cones even in areas where nearly 100% of the rods were transduced, but we found efficient and sustained RPE transduction. Ó
Introduction
In recent years considerable effort has been directed towards the development of somatic gene therapy for inherited retinal diseases, such as retinitis pigmentosa. The development of gene therapy is critically dependent upon safe and efficient delivery of genes to target cells. In the case of inherited retinal degeneration many of the gene defects are photoreceptor specific, whilst some are RPE specific, making these two cell types the principal targets for gene transfer (Bessant, Ali, & Bhattacharya, 2001) . A variety of viral vectors have been used for ocular gene transfer in animal models but the most effective vectors for gene delivery to adult photoreceptor are those based on adeno-associated virus (AAV), a single stranded DNA parvovirus. Recombinant AAV (rAAV) has been shown to efficiently transduce rod photoreceptors and to a lesser extent retinal pigment epithelium cells after a single sub-retinal administration (Ali et al., 1996; Flannery et al., 1997) . This results in a stable and long lasting transgene expression in a variety of animals, including rodents, dogs and non-human primates (Bennett et al., 1999b; Bennett, Anand, Acland, & Maguire, 2000) . The lack of toxicity and the absence of a significant immune response against transduced cells add to the favourable characteristics of this vector (Anand, Chirmule, Fersh, Maguire, & Bennett, 2000; Fisher et al., 1997; Jooss, Yang, Fisher, & Wilson, 1998; Xiao, Li, & Samulski, 1996) . Whilst there are a numerous reports of AAV-mediated gene transfer to the retina, publications from different groups on reporter gene expression after delivery with a rAAV vector are difficult to compare, and precise data concerning efficacy and kinetics of the transgene expression after a single sub-retinal administration is currently not available. Expression of a delivered gene is dependent on several factors, including the type of viral vector used, as well as the promoter chosen to drive transgene expression. These factors determine which cell types are transduced as well as the rate of transduction over time. A clearer understanding of these factors is important for assessing the potential of rAAV as vector for the treatment of inherited retinal disease. In this study we have therefore examined the temporal and spatial pattern of green fluorescent protein (GFP) expression following 
Methods

Cell lines and viruses
We obtained BHK cells from the European Collection of Animal Cell Cultures (ECACC no. 85011423, Porton Down, UK). The establishment of the CR-1 cell line has been described in detail elsewhere (Boursnell et al., 1997; Zhang, O'Shea, Boursnell, Efstathiou, & Inglis, 1998) . These cell lines incorporate the genes encoding gH of HSV-1 and therefore serve as complementing cells for growing DISC-HSV. CR-1 cells were grown in Dulbecco's modified Eagle's medium (DMEM) with 10% foetal calf serum (FCS) and BHK cells were grown in Glasgow's MEM supplemented with 5% tryptose broth and 10% FCS. PS1, which was used in this study as helper virus for generating both rAAV and amplicon stocks is a deletion mutant derived from HSV-1 strain SC16 (Hill, Field, & Blyth, 1975) .
Plasmid constructions and production of recombinant adeno-associated virus
The rAAV was produced using a method we have recently described which utilises replicating amplicons (containing the rAAV vector genome and the AAV helper genome on separate plasmids) and PS1 helper virus (Zhang et al., 1999) . The amplicon containing the vector genome (pHAV5) for the production of rAAV carrying a GFP reporter gene driven by a CMV promoter (AAV Á CMV Á GFP) has been previously reported Zhang et al. (1999) . For transfection of BHK cells, complexes were produced by mixing three components: peptide 6 ([K16]GACRRETAWACG), plasmid DNA and LIPOFECTINâ (Life Technologies) in the weight ratio 0.75:4:1. For generation of highly purified viral stocks, we transfected 10 7 BHK cells in a 15 cm dish (LIPOFECTAMINE TM /DNA complexes) using DISC-HSV (PS-1) as helper virus, and separate amplicons encoding the vector genome (pHAV5) and the rep and cap genes (pHAV7.3). 24-36 h later, at completion of the lytic process, we harvested cells by centrifugation, and lysed them by repeated freeze-thawing. We purified AAV vector stocks using sequential caesium chloride gradients, dialysis against HEPES buffered saline and concentrated them by ultrafiltration (Microcon 30). They were then heated to 56°C for 20 min to inactivate residual DISC-HSV. Particle titres were calculated by comparative dot blot of DNA prepared from purified viral stocks and defined plasmid controls. Purity of viral stocks was confirmed by electron microscopy, and by absence of plaque formation on CR-1 cells. Contaminating wt-like AAV was present at variable levels of between 0.01% and 1% (between different experiments) measured by dot blot hybridisation of low molecular weight DNA prepared from DNase treated purified stocks. Replication competent wt-like AAV was not detectable by replication centre assay.
Sub-retinal injections
We performed injections in adult CBA mice as previously described (Ali et al., 1996) . Briefly, surgery was performed under direct ophthalmoscopy through an operating microscope. The tip of a 1.5 cm, 34-gauge hypodermic needle (Hamilton, Switzerland) was guided in between a coverslip and a rubber sleeve to the sclera of the mouse eye and then inserted tangentially through it causing a self-sealing wound tunnel. The needle tip was brought into focus between the retina and retinal pigment epithelium and approximately 1 ll of viral suspension was injected to produce a bullous retinal detachment covering about 30-40% of the fundus.
Animals
Time course
Sixteen adult CBA mice were injected sub-retinally with AAV Á CMV Á GFP at a concentration of 5 Â 10 9 infective units/ml. To ensure comparable results in subsequent analysis only eyes with a good retinal detachment after standardised injection were included. In order to control for slight differences in the age of animals, litters of CBA mice were divided randomly between the different experimental groups. Two mice respectively were sacrificed after 3, 7, 14, 28, 64, 120, 180 and 365 days post-injection.
Dilution study
To compare the effect of the AAV titre on transfection efficiency 24 adult CBA mice were injected subretinally with AAV Á CMV Á GFP at three different titres (2 Â 10 6 ; 2 Â 10 8 ; 2 Â 10 10 infective units/ml). At 7, 14, 28 and 84 days post-injection two mice in each group were sacrificed and the eyes procedured as described below.
Visualisation of green fluorescent protein
Following sub-retinal injection of AAV Á CMV Á GFP we sacrificed two animals per data point. The eyes were marked with a temporal limbal stitch and fixed in 10% neutral buffered formalin for 4 h. Eyes were then cryoprotected in 20% sucrose overnight at 4°C, then embedded in OCT (R.A. Lamb), carefully orientated and frozen in liquid nitrogen cooled isopenthane. Entire eyes were serially cryosectioned at 25 lm thickness. Indi-vidual sections were chosen at 350 lm intervals and after washing for 10 min in tap water stained with propidium iodide (Sigma). We then mounted the slides with aqueous mounting medium (Dako). The slides were observed and images captured using a confocal microscope (Zeiss LSM 510) operating in multi-tracking mode to evaluate transduction rates. GFP and propidium iodide were detected using a narrow banded FITC and a rhodamine filter respecively. To demonstrate the geographical spread of the transfected area light microscopy images were captured with a digital camera using an inverted fluorescence microscope (Leica DMIL).
Methodology for transduction assessment (Fig. 1)
In order to examine the rate of transduction throughout the retina over time we selected six areas, evenly spaced along the horizontal extension of the retina in each section. At each of these areas a high power field (Â630) was captured and the percentage of positive photoreceptor cells calculated (GFP positive cells divided by total number of cells in outer nuclear layer (ONL)). The extent of RPE fluorescence was graded numerically from 0 to 3 (0: no detectable fluorescence; 1: isolated positive cells; 2: several positive cells together; 3: continuous positive cells).
Mathematical extrapolation and generation of colour coded plots
Graphical plots of percentage transfection were constructed from counts derived from successive sections using MatLab 5.3 and the MatLab 4 grid data method to generate the surface fits. Left and right margins of the sections, the optic nerve and areas of missing data are all marked in red (100%). Missing data will lead the fitting algorithm to under-represent transfection efficiency in neighbouring areas.
Cone transduction assessment
To assess the capability of AAV to transduce cones, sections showing highest rod transfection were incubated with biotinylated peanut agglutinin, which was subsequently labelled with a fluorescent Strept-Alexa 594. Peanut agglutinin stains glycoproteins of the outer cone membrane. To improve sensitivity, tangential optical stacks (parallel to the ONL) reaching from the innermost part of the inner segments to the apical tips of the outer segments were captured with the confocal microscope. Three-dimensional reconstruction using the LSM 510 (Zeiss) software was computed and the pictures analysed. A cone was considered GFP positive when a green core was surrounded by the red fluorescent stain.
Results
Sub-retinal injections of 10 9 infective units of AAV vector carrying a gene encoding enhanced GFP driven by a CMV promoter (AAV Á CMV Á GFP) were performed in adult mice which were then sacrificed at various time points after injection. Entire eyes were serially cryosectioned and light microscopy images were captured with a digital camera using an inverted fluorescence microscope. In order to examine the rate of transduction throughout the retina over time we selected sections from six different levels through the eye (Fig.  1a) . In each of these sections, the percentage of positive photoreceptor cells was calculated (Fig. 1b) and the extent of RPE fluorescence was graded (Fig. 1c-f ) using a confocal microscope. Through all the sections studied the GFP positive photoreceptors were spread evenly through the full thickness of the ONL. Within the photoreceptors the GFP appears to be expressed in the inner segments and the cell bodies. In the RPE the GFP is visible in the nucleus and around the areas of pigmentation.
In order to examine the rate of photoreceptor transduction over time, we selected representative images in the area of maximal transduction at various time points following injection (Fig. 2) . Due to the high resolution using laser excitation and narrow band filters, confocal microscopy on frozen sections is a very sensitive method to detect even low amounts of GFP protein within cells. The high spatial resolution allowing quantitative assessment is a further advantage. Using this method a small number of GFP-expressing photoreceptor cells could be found at the injection site after only three days following administration. The photoreceptor transduction rate increased constantly over time with efficiencies of around 15% at seven days, 40% at 14 days and reaching 70% at 120 days of assessment. Longer assessment intervals (180 and 365 days) revealed that GFP expression remained stable at high levels around 90% (Fig. 2) . Although RPE cells are less efficiently targeted using this vector, there was patchy GFP positivity at seven days of assessment, corresponding to a grading of 1-2. In general the GFP fluorescence seemed to be more continuous and widespread at the later assessment points (365 days).
Next we determined the geographical spread of transgene expression by constructing plots of percentage photoreceptor transduction from all six levels using a computer program to generate the surface fits (Fig. 3) . Up to 64 days after injection, transduced photoreceptor cells were confined to the area of the retinal detachment induced by the sub-retinal injection. At later time points, however, a substantial spread over almost the entire retina could be observed, yet with a much lower transduction efficiency. This finding suggests that the viral particles may in the course of the treatment spread well beyond the actual detachment. In a few eyes we observed focal photoreceptor cell loss which is represented by horizontal red bars (Fig. 3) .
In order to assess the ability of AAV to transduce cones, sections showing the highest rod transduction were incubated with peanut agglutinin which stains glycoproteins of the outer cone membrane (Blanks & Johnson, 1984) . We examined the retina for evidence of transduced cones--a green inner segment surrounded by red fluorescent stain. In our hands, however, there was no evidence of cone transduction, since there was no colocalisation of peanut agglutinin and GFP on any of the sections examined (Fig. 4) .
The injection of rAAV Á CMV Á GFP at three different titres (2 Â 10 6 ; 2 Â 10 8 ; 2 Â 10 10 infective units/ml) resulted in substantial differences in transgene expression over time. Confocal microscopy images of the areas with maximal retinal GFP expression (correlating with maximum transduction rates) were captured. The increase in percentage of transduced photoreceptor cells over time is shown in Fig. 5 , which indicates the highest percentage of photoreceptor transduction at various time points following injection. Both the lower titres (2 Â 10 6 and 2 Â 10 8 infective units/ml) only reach a transduction rate of around 15% after 84 days, following a slow increase in GFP expression. In clear contrast, the timecourse of the high titre batch (2 Â 10 10 infective units/ml) shows a rapid onset with 10% transduction after seven days, a fast increase to 35% at 14 days, to 70% at 28 days and reaching 85% at 84 days. The results are also represented as a graph (Fig. 6) . 
Discussion
Using confocal microscopy we have examined the rate of photoreceptor cell transduction across the retina over time following a single sub-retinal injection of rAAV. The methodology used in this study has allowed us to determine the kinetics of AAV transduction in considerably more detail than before. We have shown Fig. 3 . Colour coded plots representing the geographical spread of GFP expression throughout the retina as a function of time: Smoothed plots which geographically reconstruct the photoreceptor cell transfection rates using data of serial sections from wild-type mouse retina following subretinal injection of AAV Á CMV Á GFP (titre: 5 Â 10 9 iu/ml) at various time points. Transfection rates are colour coded as indicated in the bar. The retinal boundaries and the optic nerve are represented by red squares and red horizontal bars indicate areas where data is missing.
that photoreceptor transduction occurs after only three days post-injection, although this is at very low levels. This is considerably earlier than previously reported (Ali et al., 1998; Bennett, Duan, Engelhardt, & Maguire, 1997) and probably due to the increased sensitivity of the histological evaluation. We have previously reported strong fluorescence following sub-retinal injection of high titre rAAV Á CMV Á GFP only in the area of the retinal detachment. (Ali et al., 1996; Zhang et al., 1999 ). Here we have monitored transgene expression for a much longer period and have observed an increase in transduction rate over time, with the spread of transgene expression beyond the area of retinal detachment. This phenomenon might be explained by the biology of the vector. Cells transduced with rAAV show a characteristic time lag between exposure to vector and onset of gene expression. This has been attributed to the conversion of the incoming single stranded DNA genome to a transcriptionally active double-stranded template (Ferrari, Samulski, Shenk, & Samulski, 1996; Fisher et al., 1996) which may take some considerable time to occur. When there are multiple copies of the virus in a transduced cell, transgene expression is likely to occur more quickly than when there is a single copy. Cells with Fig. 5 . Time course of GFP expression in photoreceptor cells in wild-type mouse retina following sub-retinal injection of three different titres of AAV Á CMV Á GFP: Representative confocal images were selected from the area of maximal transduction rate at various timepoints after injection for viral titres of 2 Â 10 6 ; 2 Â 10 8 and 2 Â 10 10 iu/ml (green: GFP; red: propidium iodide counterstain). The transduction rate of photoreceptor cells is indicated for each timepoint. Retinal layers: GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer. Fig. 4 . Assessment of possible cone transduction using a cone-specific marker in wild-type mouse retina expressing GFP following sub-retinal injection of AAV Á CMV Á GFP: Sections of transduced retina expressing GFP in photoreceptor cells (green) were stained with peanut agglutinin (red) to show the spatial relation of transduced photoreceptors and cones. (a) horizontal sections (counterstained with DAPI (blue)) and (b) optical tangential cuts (without counterstain) showed no co-localisation of GFP and the cone-specific marker. ONL: outer nuclear layer; IS: inner segments; and OS: outer segments; PRC: photoreceptor cells.
the highest copy numbers are likely to be in the centre of the initial detachment which would have been exposed to the highest concentration of vector. Transgene expression outside this area is not apparent for some time and might therefore result from low copy-number transduction following AAV diffusion from the area of detachment. Contaminating wild-type like AAV is not replication competent (as shown by replication centre assay) and thus cannot rescue recombinant virus. Thus it is unlikely that the presence of GFP outside the area of detachment is due to recombinant virus replication.
We have also determined the effect of AAV titre on photoreceptor transduction. Our results show that the vector titre appears to have a substantial effect on both transduction efficiency and the speed of onset of photoreceptor cell transduction. Furthermore, our data suggests that we have not yet reached the limits of photoreceptor transduction efficiency using AAV vectors. An increase in titre could still lead to an improved transduction efficiency and faster onset of photoreceptor transduction. Whilst we have observed widespread transgene expression one year after injection, in a few eyes we have observed focal areas of photoreceptor cell loss. The reasons for this are not yet clear. We can exclude immune mediated damage since transduced photoreceptor cells remain long after the first signs of damage appear (data not shown). Possible explanations for this cell loss include GFP or vector toxicity at high vector concentrations.
In order to obtain effective treatments for photoreceptor dystrophies, maximal number of photoreceptor cells may have to be targeted. We might be able to achieve this by increasing the viral titre but have to bear in mind that this may result in cell toxicity. Long term observation have shown an increase in transduction rate over time and GFP expression that extended well outside the region of the primary detachment, suggesting that rAAV has the ability to distribute itself throughout the retina. In order to achieve maximum transduction levels it is necessary to wait for six months. This should be taken into consideration when evaluating AAV vectors in animal models of disease.
Another issue we have addressed in this study is whether AAV transduces cones as well as rods. Since the mouse has no fovea and its retina contains approximately 97% rods and only 3% cones (Carter-Dawson & LaVail, 1979; Jeon, Strettoi, & Masland, 1998) it is not easy to determine whether mouse cones are transduced. Applying high resolution confocal microscopy and double labelling techniques (peanut agglutin) we failed to detect transfected cones even in areas where nearly 100% of the rods were transduced. The most convincing evidence to date, however, that cones are not transduced by rAAV is the lack of GFP-positive cones found after sub-retinal injection of AAV Á CMV Á GFP in non-human primates (Bennett et al., 1999a) . Vector administration in the monkey provides an excellent opportunity to resolve this question since the primate retina contains a fovea in which there is a high percentage of cone photoreceptors. The apparent inability of rAAV to transduce cones might be explained by the lack of the appropriate surface receptors for AAV on cones or due to the inability of the CMV promotor to function in this cell type.
We found a strong and sustained RPE transduction, but whilst transduced photoreceptors were visible as early as three days after injection, transduced RPE were not detected until after one week. This may be due to the pigmentation masking the early stages of GFP expression because by seven days the RPE is strongly positive. Strong RPE fluorescence was maintained throughout the observed time course. When using a photoreceptorspecific promoter no RPE positivity could be found (data not shown). This rules out the possibility that GFP has been taken into RPE cells via the natural process of disc shedding phagocytosis. In some areas GFP fluorescence in the photoreceptor cells appears to correlate well with that in the RPE, however there were also many areas where there was no correlation between the two.
The studies described in this paper were carried out in normal adult mice in order to provide baseline data for future studies in which the kinetics of AAV transduction will be assessed in mouse models of retinitis pigmentosa. It has previously been shown that the degenerating photoreceptors of rd mice are more efficiently transduced by adenovirus than normal photoreceptors. Furthermore, the kinetics of adenoviral transduction vary according to stage of retinal development (Li et al., 1994) . This may also prove to be the case when AAV vectors are utilised for gene transfer to degenerating retinae.
